Research on the application of 3D visualization and virtual reality (VR) in discrete-event simulation (DES) has received increased attention in the past two decades. The increasing popularity of the 3D display in DES is mainly due to superior display capabilities and the associated benefits that it offers. However, the 2D display also continues to enjoy active use to date, thus provoking some fierce debates questioning the need for the 3D and VR if the 2D interface suffices. Several studies comparing the effectiveness of the different visualization methods also produce different conclusions. This paper undertakes a meta-analysis of the different positions and synthesizes the findings from 162 studies on the impacts of the 2D display versus 3D/VR on user performance on various DES tasks. The results highlight four key findings. First, the perception that the 2D display is more effective for model development is misleading as 3D/VR offers overall better performance and quality of models. Second, 3D/VR enables more effective performance than 2D display for model verification and validation. Third, 3D/VR decreases the time taken for verification, validation, experimentation, and analysis of results, but can increase model development time. Finally, the latent variables such as the application domains and nature of the problems tackled have no direct or indirect influence on the efficacy of the 3D display/VR versus 2D on DES task performance.
Introduction
Visualization in discrete-event simulation (DES) has continued to evolve since the introduction of visual interactive simulation (VIS) and visual interactive modeling (VIM) in the early 1980s. 1, 2 As predicted by Hurrion 3 and Jain, 4 virtual reality (VR) and the three-dimensional (3D) display are the most recent developments in the advancement of DES practice as a decision-support system. 5, 6 This 3D/VR has enjoyed a steady growth in popularity and adoption by DES researchers and practitioners in academia and industry in the past 17 years. 2 In DES, the transformation in the nature and sophistication of the visual display from the VIS/VIM based on two-dimensional (2D) graphics to 3D/ VR results from the tremendous advances in computer hardware and software, 7 and the adoption of these technologies in other fields. Some of the popular areas of application of 3D/VR include computer games, 8 architecture,
Despite the popularity of VR/3D visualization, traditional VIS/VIM continues to enjoy active use. 6, 11 Unlike during the advent of VIS/VIM, which quickly replaced the non-visual interface, 14 the same is not the case with 3D/ VR. Some model developers sometimes use both versions (2D and 3D/VR) concurrently, indicating that both display techniques still offer some notable benefits. Rohrer 15 found that visualization generally (2D and 3D displays) improves people's understanding of simulation, although 3D visualization possesses the vital attribute of realism more than does 2D. Practitioners in academia and industry also have different opinions about the realized benefits of 3D visualization and VR compared to traditional VIS/VIM. 2 For example, some authors posit that the 2D display offers better performance in model development 16, 17 and knowledge elicitation for decision-making 18, 19 compared to 3D/VR visualization, while others 11, 20, 21 offer a positive and glowing appraisal in favor of 3D visualization and VR for model verification and validation tasks. However, simulation software vendors continue to create both 3D/VR and 2D versions (e.g., WITNESS/WITNESSVR, 22, 12 AUTOMOD/ AUTOMOD 3D, 23 COSMO WORLD/COSMO WORLD 3D. 11 A few simulation softwares offer the 3D/VR version alone (e.g., FLEXSIM 24 ). The 2D version ''uses icons and display techniques that confine its scope to a mostly flat 2D surface,'' while 3D visualization ''contains real binocular stereographic depth effects.'' 11 In the broader computer science field, the term ''VR'' applies in different contexts and often refers to graphics and equipment that provide a sense of immersion (e.g., by using specialized equipment, such as a head-mounted display to interact with the virtual environment 7 ). In DES the 3D display is usually referred to as VR by simulation vendors and users. 12, 25 Most DES software provides a 3D display rather than immersive VR, although this will likely change in the future as the use of VR equipment becomes more affordable and popular in DES practice [26] [27] [28] [29] . This paper uses the terms ''3D'' and ''VR'' interchangeably.
The rest of the paper is organized as follows: Section 2 examines the existing literature, explains the scope of this research and presents the theoretical framework. Section 3 discusses the research methodology. Section 4 presents the results, synthesizes the conclusions from the literature, and discusses the realized value of 2D display vs. 3D/VR in DES. Section 5 discusses the main findings. Section 6 concludes the paper and shows areas for future work.
Theoretical background 2.1 Existing literature surveys on visualization techniques in DES
Information visualization as a multidisciplinary field is an active area of research and practice, both in mainstream computer science and in simulation applications. In separate articles published in 1987 and 1991, Bell and colleagues 30, 31 analyzed the various developments in VIM/ VIS for the period covering the 1980s and early 1990s. Similarly, Otamendi and colleagues 32 reviewed the general advances in DES and the visual display for the remaining parts of the 1990s, with a brief mention of 3D/VR as the current trend in the early 2000s. This paper, therefore, offers the first comprehensive review since the introduction of 3D/VR in DES, covering the period 2000-2016.
In the past 17 years, the adoption of 3D and VR as a DES modeling methodology by practitioners and researchers in the industry and academia has grown tremendously. 2, 11, 27 Almost all simulation software vendors now implement 3D/VR animation, 17 while actively maintaining the 2D display. Some journals have also devoted special editions to addressing the impacts of 3D visualization in DES (e.g., Simulation 77(3-4) 33 ). However, most of these studies led to different conclusions and caused endless debates, hence the need to synthesize these views. This paper fills this gap through a comprehensive and comparative review evaluating the performance effectiveness of 2D vs. 3D/VR display on the various DES tasks in the context of cognitive fit theory, 12, [34] [35] [36] [37] as explained in Section 2.2. The results of this study will be beneficial to simulation practitioners and researchers in academia and industry, and any simulation project team attempting to determine the model development tasks and when to use either 3D/VR or 2D displays, or both.
Theoretical framework
This review utilizes cognitive fit theory to guide the evaluation of the effectiveness of 2D display versus 3D/VR on the performance of various DES tasks and activities. The theory examines the fit of a chosen technology to specific tasks. 35, 38 The significance of this theory is that it provides the guidance to choosing appropriate tools or methods that match specific tasks and activities in order to enhance performance. 35 Further details about this theory are available elsewhere. 35 Cognitive theory is appropriate for this study for several reasons. First, any DES activity revolves around the performance of several tasks and activities, ranging from problem formulation through verification and validation, and the presentation and implementation of the results. 11, 39 Second, this paper evaluates visualization techniques in DES (2D display, 3D visualization/VR), and examines the techniques that suit the specific tasks to enhance performance. 40 For example, while 2D display or 3D/VR can improve the performance of some DES functions (e.g., model validation and verification 6, 11, 41 ), it may not be very useful for other tasks, (e.g., problem definition 11 ). Previous studies on usability engineering and information visualization employed cognitive fit theory successfully. Vessey 35 surveyed the literature on ''graph vs.
tables'' and concluded that the cognitive fit between the task and its representation affect performance. Dennis and Carte 42 extended the application of cognitive fit theory to user performance on geographically based tasks, concluding that the use of geographical information systems is more effective when using map-based presentations versus tabular data. Wickens and Carswell 43 emphasized the importance of ''display proximity,'' and the extent to which the display matches a given task and the visualization format (e.g., 2D versus 3D). Further, Vessey 35 and Dennis and Carte 42 identified several forms of tasks and presentation styles including ''spatial versus symbolic,'' and explained the effects on performance. Thus, the nature of the activities informs the display choices, which in turn affects performance effectiveness and efficiency. 44 Spatial tasks involve the acquisition of information or comparing alternatives for decision-making, while symbolic functions utilize numeric data. 35, 42 While cognitive fit theory originated from different disciplines such as psychology and ergonomics, 43, 45 it is also applicable to the study of information visualization techniques. For example, in an experimental study, Akpan and Brooks 6 examined the learning style of users and the possible effects on performance using 2D versus 3D for model validation and verification, and decision-making tasks. The study highlighted that both the visual and non-visual learners who carried out the tasks on the 3D display performed significantly better than those who used 2D. Dennis and Carte 42 present the two forms of tasks as mutually exclusive, while Akpan and Brooks 6 show circumstances in which the spatial and symbolic values can complement each other in the task performance.
Research questions (RQs)
The use of both 3D and 2D displays to perform the same or different DES tasks and activities has raised several questions. First, what DES tasks or activities can be performed better using 3D or 2D display? Second, why use 3D modeling and simulation platforms/tools if 2D displays can serve the purpose and vice versa? Table 1 presents the five hypotheses formulated to answer these and several other questions. The first question (RQ1) seeks to determine the effectiveness of 3D vs. 2D displays on the performance of eight primary DES tasks (RQ1(i) to RQ1(viii) in Table 1 ). The second research question (RQ2) examines another major issue of contention about the comparative impacts of 3D vs. 2D on time taken to complete the modeling and simulation tasks. The third and fourth questions (RQ3 and RQ4) examine the comparative impacts of 2D vs. 3D/VR on problem formulation and conceptual modeling. Finally, RQ5 examines the possible co-effects of any latent variables and the type of display (3D/VR vs. 2D) on task performance. These latent variables are explained in Section 2.4.
Latent variables
The fifth research question (RQ5) examines any possible influence of some latent variables on the conclusions reached by the reviewed articles. The latent variables examined include:
Problems tackled: Does the nature of the problem tackled influence the outcomes of the studies conducted by the reviewed articles? Application domains: Computer simulation and modeling is a multidisciplinary subject that guides decision-making in diverse fields of application, e.g., healthcare, manufacturing or aerospace. Research methods: The purpose is to identify any possible effects of the approach adopted by the reviewed articles on the outcomes, such as case study, survey, or scientific experiments. Period of study: In this era of rapid transformation in technology, the graphical displays of simulation elements and components improved over time. This study intends to observe any possible effects of the time dimension on the results, given an extended period covered in this study (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) .
Research methodology
This literature review is structured according to the guidelines offered by the ''Preferred Reporting Items for Systematic Reviews and Meta-Analyses -PRISMA.'' 46 PRISMA defines the steps and the processes in identifying, interpreting, and evaluating articles' data; Moher and colleagues 46 offer further details. This paper follows the PRISMA guidelines 46 in collecting the data that help to answer the RQs that were identified in Section 2.3.
Literature search, screening, and selection criteria
The literature search covered the period 2000-2016. The multidisciplinary nature and broad applications of DES and information visualization means articles in the field are published in several journals over various disciplines. Figure 1 shows the filtering, screening, and selection process based on the PRISMA guidelines. 46 Employing the search, filtering, and querying functionalities of Endnotes, duplicate entries were removed, while a further filtering process reduced the initially retrieved articles from 1929 to 453, using eligibility screening.
The selection criteria were as follows. Any selected articles must: address the effects of information visualization in 3D/VR or 2D displays; evaluate the impacts of visual display in DES (2D, 3D/VR, + DES), which helped to answer the RQs listed in Table 1 ; must be a peer-reviewed article published in journals or reputable conference proceedings between 2000 and 2016 (print/online sources); and the articles must be written in English or have been translated into English. Articles that examined the general benefits of visualization in DES without specifying the display types (e.g., Jain 7 ) were removed.
The filtered vs. selected papers follow a similar trend throughout the 17-year period, except in 2012 and 2016, when there was a surge in publications on 3D and VR research in DES. This trend highlights the importance of visualization in DES, and a sustained development in the 
Research data, results, and analyses

The research data
The data used for the analysis were extracted from the reviewed articles to help answer the RQs (RQ1-RQ5) listed in Table 1 . The problems tackled by each reviewed publication and the DES tasks performed (e.g., model development, verification, validation, etc.) are listed in Table 2 .
The reviewed papers employed one of the five research methods listed in Table 3 , with more than 62% of the articles using the case study method, while over 30% utilized the experimental study approach. The remaining 8% of the reviewed papers used either the survey method or a combination of survey and case study or experiment and case study ( Table 3) . None of the selected publications used other research methodologies such as an interview method. The case study method involved either an implementation of a simulation solution or using the platform to model a system of interest in 3D/VR, 2D display, or both, and evaluating the impacts of visualization on some DES activities/ tasks (e.g., Kamsu-Foguem and colleagues 9 and Kamat and Martinez
21
). Others used off-the-shelf simulation software to do so (e.g., Akpan 72 examined the impacts of 2D and 3D/VR displays on model verification, validation, and credibility. All the papers included in the review contributed to the overall conclusions of this paper. However, some authors covered more DES tasks, e.g., Akpan and Brooks, 11 Dangelmaier et al., 59 Petti et al. 49 Out of the 162 investigations by the 84 reviewed articles, the studies that evaluated the impacts of the 3D/VR and 2D display techniques on presentation had the highest number (32), followed by analysis of results (28) . The DES activities with the fewest number of research articles were on problem definition (5), while the conceptual modeling and implementation of the simulation outcomes had 4 each ( Table 3) . It is not surprising that the studies on problem definition and conceptual modeling had fewer studies based on a common perception that visualization does not influence these DES tasks. 2, 11 In the application domains, the 84 articles tackled problems in over 33 application areas, some of which includes aerospace, production, manufacturing, construction, and medical services operations. Others were road and air traffic controls, real estate services, and emergency and crisis management ( Table 3) . Some of the reviewed papers tackled problems in more than one application area. For example, Akpan and Brooks 6 examined problems in the automotive industry and bank customer services operations. Table 3 shows the complete list.
Results and analyses
The objective of this review is to evaluate the efficacy of the visualization techniques (2D vs. 3D/VR) on the performance of DES tasks (as discussed in Section 2). The conclusions from the 84 reviewed articles and the investigations on 162 DES tasks showed three possible outcomes (3D/VR better, 2D better or same performance). We utilize the exploratory technique to analyze and synthesize the conclusions from the reviewed articles while comparing the efficacy of 3D/VR vs. 2D display in the performance of modeling and simulation tasks. The exploratory analysis technique also helps to probe further into the non-quantitative rationale for the preference of one visualization method over the other. Previous studies evaluating the visual interactive simulation 11,112 adopted a similar approach for similar reasons.
RQ1: does 3D visualization enhance better performance on DES tasks than 2D display?
The answers to the first research question covers seven DES activities (RQ1(i) to RQ1(viii) in Table 1 ). Performing tasks on 2D vs. 3D X John et al. 45 Relative positioning in air traffic control using 2D and 3D 73 Otamendi et al. 32 Van Orden and Broyles
X
Kamat and Martinez
76
Den Hengst et al. 60 Smallman et al. 90 Khosravi et al. 97 John et al. Kamsu-Foguem et al. 9 Waly and Thabet 29 Talmaki et al. 67 Rekapalli and Martinez 23 Kamat and Martinez 21 Kamat and Martinez 41 Kamat et al. 71 Chen and Huang 57 Li et al. 79 Facility layout planning/ design Petti et al. 49 Akpan and Brooks Alberts et al. 51 Zhang et al. 108 Kim 95 Dorozhkin et al. 61 Lindskog et al. 80 Rubio et al. 89 Mujber et al. 82 Chan et al. 55 Zhou et al. 110 Murphy and Perera 83 Hutabarat et al. 48 Rohrer 15 Mueller-Wittig et al. 47 Akpan and Brooks
11
Marine -seaport Sun et al. 34 Modeling methodology Hong et al. 105 Farooq et al. 64 Kim et al. 74 Wainer and Liu 36 Fishwick et al. 50 Fishwick et al. 66 Fishwick 65 Not specified Waisel et al.
37
Ontology Fabritius et al. 63 Production operation Okulicz et al. 85 Real estate construction Moghadam et al.
RQ1(i): model development.
Model development involves the implementation of a conceptualized problem via a computer program or using off-the-shelf modeling software or specialized applications such as WITNESS, FLEXSIM, 6, 11, 12, 24 or customized modeling and simulation tools like VITASCOPE 70 or RUBE. 50 Examining the impacts of the visual display on performance during modeling activities, 59% (13 out of 22) of the studies concluded that 3D display offers better performance, while 32% (7 out of 22) of the studies considered 2D display as better, and 9% (2 out of 22) viewed both displays as offering the same performance effectiveness.
The combined frequencies of the ''2D better'' or ''no difference'' in performance effectiveness is 41% compared to 59% for 3D visualization (Table 5) , indicating a higher preference for 3D/VR. Also, most of the authors preferring the 2D display agreed that the 3D display offers an overall better performance, but preferred the 2D because 3D/VR is more difficult and it takes a longer time to build a model. Table 6 provides the bases for the conclusions and further explanations.
RQ1(ii):
Experimentation. Experimentation is another activity in which the visual display plays a key role. The activity involves an evaluation of the alternative courses of actions, such as undertaking a what-if analysis toward arriving at a preferred decision to improve the system under study. 79, 113 Out of the 17 studies that examined the performance effectiveness of 3D visualization vs. 2D display on model experimentation, 16 (or 94%) concluded that 3D visualization offers better and faster performance. Table 7 presents further explanations for the conclusions provided by the reviewed articles.
RQ1(iii): Model run.
Studies on the impacts of 3D vs. 2D display on performance effectiveness during model runs attracted only nine articles investigating the activity. The purpose of running a model is often to perform other tasks such as experimentation, validation, and verification, or to examine the behavior of the system modeled. Out of the nine articles that investigated the impacts of the 3D display vs. 2D on model runs, 78% concluded that 3D visualization offers better performance, while 22% considered 2D as more effective. Table 7 offers further explanations/reasons.
RQ1(iv): Model verification.
Model verification is another DES activity that benefits significantly from the use of visual displays. 3, 6, 11, 15, 31 The verification activity involves determining whether the conceptual model and assumptions are translated correctly into a DES model. 41, 72 Nineteen articles investigated the impacts of 3D display vs. 2D on verification tasks. Eighteen out of 19, or 95%, of the studies concluded that 3D visualization makes it easier to verify the DES model than does 2D ( Table 5) . As demonstrated by Kamat and Martinez, 72 even the domain experts with limited expertise in simulation were able to understand the model easily and detect severe errors caused by the model developers' incorrect use of data. These were errors that the simulation experts may not detect. Table 6 presents the reasons for these conclusions.
RQ1(v): Model validation.
Model validation is the process of determining whether a simulation model is an accurate representation of the system based on the particular objectives of study. 6, 72 The activities include checking and correcting errors in the model, such as logic, routing, incorrect components combination, or systems errors. 6, 41 Safety and security Patel et al. 109 Vasudevan and Son 94 Shen et al. 100 Systems implementation and evaluation
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Investigating the efficacy of 3D vs. 2D visual display on model validation, 92% (24 out of 26) of the reviewed articles concluded that 3D display is more effective when performing model validation. The remaining 8% of the reviewed articles found that both 2D and 3D displays offer the same level of performance effectiveness, while no study identified 2D display only as a better option when checking for errors in the model (Table 5 ). This shows a significant positive outcome in favor of 3D visualization. According to Akpan and Brooks, 6 using a 3D display increases validation performance by over 70% when attempting to spot an error that is relatively harder to find and 65% more effective than the 2D display in finding the standard bugs in a model. Thus, the more complicated the errors, the longer it takes to find using the 2D display, if at all. Similarly, Kamat and Martinez 72 highlight that some of the errors that are easier to identify using the 3D display can take considerable effort to spot in a 2D model, if at all. Table 7 provides further details.
RQ1(vi): Analysis of the results. The analysis of results is another DES activity that has seen fierce debate questioning the need for 3D visualization. The analysis includes undertaking a what-if analysis or evaluating alternatives.
The results show that all 28 papers that investigated the effectiveness of 3D/VR vs. 2D in enhancing results analysis in DES considered 3D/VR to be more effective than 2D display (Tables 5 and 7 ).
RQ1(vii):
Presentation. This activity involves a demonstration of the model to the client or different stakeholders (e.g., managers, decision-makers 114 ) involved in a given simulation project. The comparative evaluation of the impacts of 3D/VR vs. 2D on presentation of the simulation/model and the simulation results attracted the most studies (Table 5) . Thirty-two articles investigated this activity, with all arriving at a similar conclusion: 3D/VR visualization is more effective than 2D in presenting and communicating simulation results to management and decision-makers. The effectiveness of 3D/VR for this purpose also encourages management buy-in to the simulation project and subsequent adoption as a decision-support system and implementation of the simulation results. 15 This conforms with practitioners' perceptions as 93% of simulation developers and decision-makers agreed with a similar conclusion in a survey of researchers and practitioners.
11 Table 7 provides further details.
RQ1(viii):
Implementation of simulation outcomes. Studies investigating the effect of visual displays on the implementation of simulation results had the fewest publications, at only one. Akpan and Brooks 11 concluded that, although the use of visual simulation can positively influence the implementation of the simulation outcomes both in terms of its effectiveness and the time taken to complete the activity, and managers' buy-in, 15 it does not matter whether 3D/VR or 2D visual displays are used. However, more studies are required in this area before a firm conclusion can be reached.
RQ2: Comparative analysis of time taken to complete DES tasks using 3D/VR vs. 2D displays
This section presents the results of the comparative evaluation of the impacts of 3D vs. 2D displays on the time taken to perform DES tasks, as formulated in Section 2.3 (RQ2(i)-RQ2(iv) in Table 1 ). Relatively fewer studies investigated the time dimension in performing the DES tasks. The data extracted from the reviewed articles were summarized in three categories, ''Shorter time with 3D,''''Shorter time with 2D,'' or ''Same time.'' These three options formed the basis for answering the RQs about the impacts of 3D/VR vs. 2D on the time taken to complete the DES tasks.
RQ2(i):
Time taken to complete model development. Ten out of the 22 articles that examined the impacts of 3D vs. 2D displays on model development also investigated the effects of the two visualization techniques on time taken to complete model development. Nine out of the 10 articles (90%) concluded that it took a shorter time to complete model development when using a 2D display, while only one of the studies (10%) found that the 3D display took a shorter time (Tables 5 and 6 ). Several studies drew this conclusion irrespective of the modeling/simulation platforms and software used. Also, some of the studies that preferred 3D/VR reached the same conclusion, that 2D display does take less time to build.
RQ2(ii): Time taken to complete model verification.
The data from the literature review on the impacts of 3D vs. 2D displays on time taken to complete model verification show a convincing position in favor of 3D visualization. The five articles that investigated this aspect of the study (time spent to undertake model verification) concluded that 3D visualization takes a significantly shorter time to complete the verification tasks. 6, 11, 59, 72 . None of the reviewed articles considered 2D displays as offering the same level of performance or better. The reasons for these conclusions are provided in Table 7 .
RQ2(iii):
Time taken to complete model validation. Six out of the 26 articles that investigated the comparative effectiveness of 3D vs. 2D displays on model validation also examined the time taken to complete the validation task. All the reviewed papers (Table 5) concluded that it takes less time to validate the 3D model compared to 2D displays. Table 7 offers the explanations for the conclusions.
RQ2(iv):
Time taken to complete the analysis of results. Four articles investigated the relationship between the types of visual display (3D vs. 2D) and the time taken to complete the analysis of simulation results. A synthesis of the conclusions from the reviewed articles shows that 50% of the papers posited that using 3D/VR helps to complete the ''analysis of results'' in a shorter time, while 25% considered 2D displays to complete the task more quickly. One study concluded that there was no difference (Table 5) . Table 7 provides further explanations and reasons for the different conclusions.
RQ3(i-ii):
The impacts of 3D/VR vs. 2D display on problem definition 4.5.1 RQ3(i): Does 3D visualization improve problem definition/formulation better than 2D display?. Problem definition occurs at the early stage of a modeling and simulation project. It is during this stage that the experts formulate the problem and define the project's objectives. The general perception is that visual display is not commonly useful at this stage of a simulation process, 2,11 though a few recent studies have undertaken to employ visualization techniques at this stage of the DES process. 37, 49, 64, 96 Practitioners also evaluated the effects of visual display at problem definition through a survey conducted by Akpan and Brooks. 11 Five papers examined the potential impacts of 3D and 2D displays at this stage. Three out of the five studies concluded that 3D visualization can enable a better, easier, and faster problem definition compared to 2D. Petti et al. 49 observed that 3D visualization enables fast problem definition as the participants easily understood the activities performed and identified the important steps in a manufacturing process. In contrast, one paper 37 identified 2D displays as providing better performance, while another 11 concluded that there is no difference between the two options. The different reasons for the conclusions (Table 7) points to a possibility of some substantial benefits that 3D displays offer in making the problem definition task better, easier, and faster. 49, 64 Further, Waisel et al., 37 while examining how expert model developers use sentential and 2D-based diagrammatic sketches, concluded that such modeling strategies enhances insight, leading to the creation of better models. Akpan and Brooks 11 showed that 94% of simulation professionals, users, and decision-makers did not identify any impacts of 3D or 2D displays on problem definition, and concluded that there are no additional benefits to using 3D display over 2D for this DES activity. Also, it is important to note that only one of the three articles 11 compared the impacts of 2D and 3D displays concurrently in the same study. The other two studies 37, 64 focused on either 2D display or 3D visualization respectively. Since the study by Waisel et al. 37 involved only 2D sketches, further studies replicating the study using 3D drawings and diagrams is recommended to compare the outcomes.
RQ3(ii):
Time taken to complete problem definition. Only one study evaluated the effects of the type of display and the time taken to complete the problem definition task. That paper 49 concluded that 3D allows faster problem definition. The conclusion was based on an experimental study in which the participants performing the task in 3D/VR were able to identify the important steps in a manufacturing process. However, it is important to note that this conclusion comes from a single study rather than a synthesized outcome from many papers. Further studies tackling different problems in diverse application domains are recommended before generalizing the outcomes.
4.6 RQ4: Does 3D visualization improve conceptual modeling performance better than 2D display?
The impacts of visual display on conceptual modeling is one of the three studies that received the least publications, the other two being problem definition and implementation of results. Particularly for the conceptual modeling, Transparent reality, accuracy, interactivity Table 7 . Comparative effectiveness of 3D/VR vs. 2D visualization on DES tasks.
DES tasks Reasons/conclusions Authors
Model experimentation 3D/VR is better 3D best suited for real-time manipulation. Dorozhkin et al. 61 Rua and Alvito
10
Enhances optimization. Dangelmaier et al. 59 Easy to create new experiments and undertake what-if analyses. Farooq et al. 64 Li et al. 79 Hajdas 101 Interactivity superior to 2D; shows changes in the variables, and clearly highlights collisions, violations, and near misses.
Akpan and Brooks 11 Chan et al. 55 Fishwick 65 Users can explore the model to carry out experimentation. Oerter et al. 92 Possible to rotate model, view different angles or positions. Hurrion 3 Other views (2D) misled users, while users of 3D/VR can identify exact positions to undertake brain surgery.
Somasundaram and Kalaiselvi
102
3D highlights model behavior. Kamat 20 Hutabarat et al. 48 Mueller-Wittig et al.
47
3D/VR enables faster experimentation. Petti et al.
49
2D is better: 3D slower run-speed, easier to detect inaccuracies in 2D model. Robinson et al.
22
Model run 3D/VR is better Non-simulation experts can run and optimize the construction planning simulation model in 3D, and evaluate the resource utilization.
Huang et al. 26 Running the model in 3D was more effective for examining the model behavior, checking errors and completing the tasks faster.
Akpan and Brooks 11
Oerter et al. 92 Running the model in 3D offers the users the capabilities to properly visualize and explore the entire model, which reduces cost for the customer.
Oerter et al. 92 The 3D visualization helps to overcome the various problems associated with the 2D display such as misinterpretation and errors in the results at runtime.
Dangelmaier et al. 59 The immersive VR environment allows the users to interact with the model as in real life during the runtime.
Dorozhkin et al. 61 Farooq et al. 64 The 3D visualization system integrated with PROTOCOL platform can receive sensor input from the real world, and provide audio-visual warning feedback for accident avoidance at runtime.
Talmaki et al.
67
2D is better Slower run-speed of the 3D display is reducing the collection rate.
Robinson et al. 22 Waly and Thabet
29
Model verification 3D/VR is better VR helps in verifying model logic and behavior Mujber et al. 82 Mueller-Wittig et al. 47 With 3D/VR, domain experts who did not build the model can easily verify it.
Mujber et al. 82 Farooq et al. 64 Chan et al. 55 Any discrepancy in the model can be corrected easily in line with real system.
Kamat et al. 71 Dangelmaier et al. 59 Su et al. 68 Verification with 3D is effective and efficient; saves time and costs.
Dangelmaier et al. 59 Su et al. 68 Kamat and Martinez 72 Khoury et al. 73 Akpan and Brooks 11 Akpan and Brooks 6 3D makes it easier to understand construction operation and aids verification.
Al-Hussein et al. 52 Rohrer
15
3D/VR helps to identify bottlenecks, determine buffer sizes, throughputs, etc.
Chan et al. 55 Domain experts can easily identify errors that even the simulation experts may not detect.
Kamat et al. 71 Kamat 20 Kamat and Martinez
41
(continued) Khoury et al. 73 Petti et al.
49
3D/VR provides spatial and geometric details which helps in verification of automotive, construction, and other domains.
Kamat 20 Moon et al. 81 No difference 3D can simplify verification, but it is complex to create. The 2D model is easy to create and can be equally effective in verification.
Hong et al. 105 Model validation 3D/VR is better 3D/VR makes it easier to detect errors in model (logic, wrong component combination, routing errors).
one can speculate about the reasons for the little interest in this area based on the perception that visual display may not bring any significant benefits to conceptual modeling activities. Three of the reviewed articles investigated the impacts of the effects of the visual displays on conceptual modeling. The results show that two out of the three articles concluded that using the 2D display is more beneficial, 37, 57 while one 83 opined that there was no difference, irrespective of using either the 2D display or 3D visualization. There is a need to be cautious in interpreting the outcomes of the studies, given the limited number of studies involved. Table 7 provides the reasons and explanations for the various conclusions.
RQ5: The impacts of other latent variables on DES tasks and activities
The purpose of this research question is primarily to observe any possible influence of other factors that can influence the performance of DES tasks and activities other than the types of displays (3D and 2D display). The potential latent variables include the application domains, research methods, problems tackled, and the time when the study was conducted between 2000 and 2016. The time dimension mirrors the different levels of technological advancement. The data extracted from the literature survey identified 84 different problems tackled (Table 2) in 24 distinct application domains (Table 3) . Some of the articles Simulating building interiors and exteriors in photo-realistic 3D display improves presentation of new apartment building units compared to using 2D.
Whyte 53
The real-time 3D visualization scheme provides realistic graphical views that are appealing to users that are not possible through the conventional display.
Talmaki et al. 67 Kim et al. 74 Van Orden and Broyles
76
The 3D realistic display enhances an elaborate presentation to decision-makers, managers, and other stakeholders not familiar with simulation.
Bruzzone et al. 54 Dangelmaier et al. 59 Kamat and Martinez 41 Kumar and Benbasat 78 Wenzel Jessen 56 Akpan and Brooks
11
The 3D visualized models and animations are at present still the most intuitive presentation and appealing to customers.
Chen and Huang
57
Van Orden and Broyles 76 Suh et al. 69 Nah et al. 84 John et al. 45 Surgeons had to transpose the 2D displays into 3D for better presentation, understanding and precise performance.
Ahlberg et al. 88 Zhang et al.
108
3D presents information from different angles to help users comprehend the situation and determine escape routes.
Shen et al. 100 Vasudevan and Son 94 Patel et al.
109
Problem definition/formulation 3D/VR is better Easier and helps to understand the problem. Farooq et al. 64 Korošec et al.
96
3D helped the participants in an experiment to identify and understand important issues and steps in a manufacturing process.
Petti et al.
49
2D is better Use of 2D sketch generates insight. Waisel et al. 37 
No difference
No effect or no need of 2D or 3D at this stage Akpan and Brooks
11
Conceptual modeling 2D is better 2D easier to use, especially in complex problems Waisel et al. 37 Chen tackled problems in more than one area (e.g., Apkan and Brooks 6 tackled problems in automotive assembly and banking customer service). Table 3 also lists the five research methods adopted by the reviewed articles. For RQ1 and RQ3-RQ5, the results show that 3D visualization consistently offered better performance on the DES tasks and activities across the different application domains, problems tackled, and the research methods, irrespective of the year in which the study was conducted. Similarly, the 2D display recorded significantly higher performance on time taken to develop DES models (RQ2) irrespective of the listed possible latent variables. For example, in the analysis of the impacts of 3D/VR vs. 2D display on model development tasks (RQ1(i)), the 22 reviewed articles tackled problems in over 10 different application domains and adopted various research methods (Tables 3 and 6 ). According to the results, 13 studies concluded that 3D display offered better performance for model development. These studies addressed problems that spanned several application domains and research methods. This indicates that the latent variables did not exert any influence on the performance of DES tasks and activities other than the types of visual displays (3D vs. 2D). Similarly, there were no impacts from the year in which the study was conducted, hence the time dimension did not impact the outcomes. For example, Hurrion, 3 Otamendi et al., 32 and Sun et al. 34 published in 2000, 2008, and 2012, respectively, preferred 3D/VR, and concluded that 3D can advance the potential of DES as a decision-support system, whereas Robinson and Lee, 22 published in 2012, preferred 2D display even after using the more recent 3D display. Thus, there is no impact from the date factor (and level of technology at the time the study) on the outcomes other than the visual display.
Discussion
The purpose of this study was to evaluate the comparative effectiveness of 2D display and 3D visualization/VR on DES activities, tasks, and user performance through a systematic literature review. The study synthesized the conclusions from 84 articles selected through a rigorous review process and exploratory meta-analysis, producing several useful highlights. The most bullish results showed that 3D/VR indeed offers significant benefits over 2D display for the presentation of models or outcomes of simulation projects to stakeholders, validation and verification, and experimentation and analysis. All 32 articles that investigated the effects of the presentation showed that 3D/VR is more useful than 2D display.
Another notable highlight of this study is synthesizing the benefits of 3D display on model development, which is a significant aspect of the DES task. The common position was that 2D display is the most effective DES and modeling technique (e.g., Wenzel and Jessen 56 ). But the synthesis of the literature shows that it is indeed 3D display that provides a better model development option for DES practice in this era of advances in information visualization, not 2D display as some perceive. 15, 53, 56, 91 Although developing a model in 2D is easier and quicker, 3D/VR offers the best overall benefits (Table 6 ). However, the majority of the 22 studies that examined the impact of 2D vs. 3D, (including those that favored 3D/VR) raised a concern that developing a DES model remains more difficult and takes longer. As such, we carried out a further evaluation of the time it takes to complete model development in 3D vs. 2D. The results showed an even split, with nearly half concluding that it takes longer to build a 3D model compared to a 2D model, which can be due to the diversity of the modeling techniques and tools used. For example, simulation and modeling software such as WITNESSVR offers the modeling platform in 2D with a fast-build option that translates the 2D model into a 3D visualization. 42 On the contrary, applications such as FlexSim offer model development directly in 3D from scratch. 24, 115 One can speculate that the two scenarios provided by the two DES applications can lead to different conclusions, indicating an area that simulation software vendors and practitioners need to address.
Model validation and verification are other important activities in which 3D display provides clear benefits, in two main ways. First, the simulation experts and other users can easily and quickly spot errors in 3D models due to its advanced visualization features, highlighting the model behavior better than does 2D animation. Second, the stakeholders involved as part of the simulation project team are very knowledgeable in the application domains and can identify severe errors in the model. Of particular interest are situations in which the problem involves critical issues caused by the expert's use of incorrect data, followed by certification of the design as valid and verified. It is only by using a 3D model, which the domain experts can easily understand, that these experts can help to identify such mistakes as the behavior of the model appears unusual from a real-life perspective. Such problems can take simulation experts a long time to detect, if at all. 3, 20, 21, 72, 97, 116 These results indicate that 3D visualization can bring a significant quality contribution to the DES process, and help to resolve one of the major bottlenecks that had cast doubt on DES as a decision-support system for decades.
Other areas where the benefits of 3D display/VR are significant compared to 2D include experimentation and analysis, presentation of results, and communication with clients. All but one study preferred the 3D/VR for experimentation (Tables 4 and 6 ). It is important to highlight the fact that the findings by the different authors largely depend on the purpose and focus of the experiment activities. The only study that preferred 2D display for experiments 22 did so because the 3D model was slower to run than the 2D model, whereas the papers that preferred 3D display for experimentation (e.g., Akpan and Brooks 11 ) considered the effectiveness of the display on task performance, such as spotting errors during validation. Similarly, the outcomes for model analysis also provided strong positive results, with all 25 studies preferring the 3D/VR to provide better performance ( Table 6 ). The results imply that the third dimension can be very helpful when evaluating model behavior and undertaking the what-if analysis. 11, 77 The central reason offered for these benefits is that 3D visualization and VR significantly enhance users' understanding of the DES model and the behavior of the systems. All 42 papers that investigated this benefit favored 3D/VR over 2D display. For example, the ability of 3D visualization to improve understanding by highlighting poor behavior of the model during runtime and experimentation (not readily evident in 2D) enhances the understating of the model, and in turn helps in the verification and validation process. 96 
Conclusions and future projections
This study provides strong evidence that the use of a 3D display can have considerable benefits in many aspects of the DES processes, tasks, and activities. The results show that 3D/VR offers an overall better performance on all the main DES activities and tasks, including model development, verification, and validation, and in experimentation and analysis in addition to the generally acceptable benefits of enhancing model presentation and communication.
Another new finding from the study is that 3D/VR helps involved interested parties (e.g., managers and domain experts 20, 21 ) in the modeling process. By facilitating stakeholders' involvement in the DES process, the study shows the benefit of 3D/VR in enhancing management buy-in and the overall success of a simulation project. 15 However, the main drawback of creating 3D models is the possibility that it can take longer to complete the model development task; the majority of the published articles identified this concern, including the studies that preferred 3D/VR display to traditional 2D display. 92 However, no studies among the reviewed articles pointed out the actual causes of the longer time required for 3D modeling. The possible causes can include the modeling platforms/tools, considering the diversity of the techniques adopted by different software and tools. Notwithstanding this limitation, the synthesized outcomes from the study indicate that 3D visualization and VR in DES is fast becoming an acceptable modeling methodology, while further work is required in research and modeling software implementation to resolve the identified drawbacks.
Further, the results of the meta-analysis presented in this study show that the application of 3D visualization and VR in discrete-event simulation, and the increased adoption of 3D visualization, and has received more attention in the past two decades, which is mainly due to its important benefits in terms of superior display capability.
Future work intends to survey the practitioners in academia and industry to establish the reasons for the concurrent use of 2D displays and 3D visualization. The research study will also investigate practitioners' perceptions about the possible use of fully immersive VR in DES. This will be followed with experimental studies on modeling and simulation with different 3D software and tools. 
